We conducted large scale gene expression analysis of the response of macrophages to exposure to oxidized low density lipoprotein (Ox-LDL). Much of the vessel wall lesion of atherosclerosis is composed of macrophages that have become engorged with cholesterol. These resulting "foam cells" contribute to the progression of vascular disease through several pathways. As a potential model of foam cell formation, we treated THP-1 cells with 12-O-tetradecanoylphorbol 13-acetate to differentiate them into a macrophage-like phenotype and subsequently treated them with oxidized low density lipoprotein for various time periods. RNA from Ox-LDL treated and time-matched control untreated cells was hybridized to microarrays containing 9808 human genes. 268 genes were found to be at least 2-fold regulated at one or more time points. These regulation patterns were classified into seven clusters of expression profiles. The data is discussed in terms of the overall pattern of gene expression, the thematic classification of the responding genes, and the clustering of functional groups in distinct expression patterns. The magnitude and the temporal patterns of gene expression identified known and novel molecular components of the cellular response that are implicated in the growth, survival, migratory, inflammatory, and matrix remodeling activity of vessel wall macrophages. In particular, the role of nuclear receptors in mediating the gene expression modulation by Ox-LDL is highlighted.
Atherosclerosis, and the resulting coronary heart disease and cerebral stroke, represent the most common cause of death in industrialized nations. Although certain key risk factors have been identified, the full molecular characterization, let alone the causes and care for this complex disease, will remain a challenge in the century to come. As a complex biological process, the cellular and molecular details of the growth and regression of the vascular lesions of atherosclerosis call for application of the newly developing "genome-wide" techniques of analysis. Gene expression profiling using microarrays is likely to identify many new genes that may contribute to features of the atherosclerotic lesion, including its growth, stability, dissolution, rupture, and, most lethally, induction of occlusive vessel thrombus.
Cholesterol-engorged macrophages and their detritus following cell death comprise a major volume of early "fatty streak" plaques as well as the most typical "advanced" lesions of diseased arteries. In most cell types, cholesterol content is tightly controlled by feedback regulation of low density lipoprotein (LDL) 1 receptors and biosynthetic enzymes (1) . However, consistent with their roles as scavenger cells, macrophages contain several receptors that, in addition to facilitating the removal of apoptotic cells and cell debris, also facilitate the loading of oxidatively modified LDL. This process drives the unregulated uptake of cholesterol, resulting in the accumulation of multiple lipid droplets leading to the aptly named "foam cell" phenotype (2) . Numerous studies have described a variety of foam cell responses that would contribute to the growth and rupture of the vessel wall plaques of atherosclerosis. These include the production of multiple growth factors and cytokines, which promote the proliferation and adherence of neighboring cells; chemokines, which can attract further circulating monocytes into the growing plaque; proteins that cause remodeling of the extracellular matrix; and tissue factors, which can trigger thrombosis (3, 4) . Thus, cholesterol-loaded macrophages, which occur in abundance in most stages of the atherosclerotic plaque, appear to contribute to the inception of the process, and to its lethal conclusion in plaque rupture and the triggering of the occlusive thrombus.
Oxidative modification of LDL is believed to occur most extensively in the sub-endothelial space where circulating antioxidant defenses are less effective. The degree of LDL oxidation affects its interaction with target cells. "Minimally modified" LDL retains the ability to bind the LDL receptor but not the several oxidized LDL (Ox-LDL) or "scavenger" receptors that have been identified, including scavenger receptor types A and B, CD36, CD68/macrosialin, and LOX-1 (5) (6) (7) (8) (9) (10) . Minimally modified LDL can increase the adherence and penetration of monocytes, stimulate the release of monocyte chemotactic protein 1 (MCP-1) by endothelial cells, and induce scavenger receptor A and CD36 expression in macrophages (11) (12) (13) . Conversely, extensively oxidized Ox-LDL becomes a ligand for scavenger receptor A and the other receptors that contribute to foam cell formation by facilitating uptake of lipoprotein particles.
Because of technical limitations, most studies of lipoprotein uptake in macrophages use cell culture models. The human monocyte/macrophage cell line THP-1 is considered to represent a more differentiated, committed macrophage cell line than previously available monocytoid lines (14, 15) . PMA-dif-ferentiated THP-1 cells were exposed to Ox-LDL for periods ranging from 30 min to 4 days. At each time point, RNA from Ox-LDL and non-exposed cells was labeled and applied to microarrays to assay the relative expression of 9808 human genes in response to the stimulus. 268 genes were significantly affected by Ox-LDL exposure, providing insights into the patterns of transcriptional response and identifying individual genes whose regulation can alter the survival and migration of macrophages and their effects on surrounding tissue and circulating leukocytes.
MATERIALS AND METHODS
Cell Culture-Human THP-1 cells (ATCC 10801) were grown in RPMI 1640 medium containing 10% fetal serum (v/v), 0.45% glucose (w/v), 10 mM Hepes, 1 mM sodium pyruvate, 1 ϫ 10 Ϫ5 M ␤-mercaptoethanol, penicillin (100 units/ml), and streptomycin (100 g/ml). For Ox-LDL loading experiments, cells were seeded at a density of 1 ϫ 10 6 /ml in medium containing PMA (Research Biochemical International, Natick, MA) at 1 ϫ 10 Ϫ7 M for 24 h. The medium was then replaced by culture medium with or without 100 g/ml CuSO 4 "fully" oxidized LDL (Intracel, Rockville, MD) according to the method of Hammer et al. (16) . Medium was replaced every 2 days during the time of culture.
Microarray Probing-Total RNA extraction was performed by using RNA STAT-60 (Tel-Test, Inc., Friendswood, TX) according to the instructions by the manufacturer. Poly(A) ϩ RNA was purified using Poly(A)Tract mRNA isolation systems (Promega, Madison, WI) and labeled with Cy3 and Cy5 fluorescent dyes for microarray hybridization on UniGEM-V (Incyte Genomics, Palo Alto, CA) as described elsewhere (17) . Any given gene was analyzed if at least one of its readings had a signal to background ratio of 2.5 or more, a signal intensity above 250 units for one or both dyes, and a spot size of at least 40% of the spotted area. These criteria assured that the signal level was sufficiently high above background to be reliably read and that the reading was not the result of non-uniform noise on the spotted DNA. Identity of spotted DNA was verified by PCR. A failure in PCR testing resulted in exclusion of the spot measurement. A total of 6805 genes passed these quality control criteria. Of these, 268 showed 2-fold differential expression for at least 1 time point. These 268 genes were selected for the cluster analysis below.
Data Analysis-An agglomerative cluster analysis was used to identify the typical response patterns and establish the relationships between the different gene expression profiles. Each gene measurement was first normalized by dividing the expression ratios by the maximum value for each time series. Considering that the data represents a time series, we focused on the variation from one time point to the next. To emphasize these changes for clustering, slopes were added to the expression vectors, which were simply computed by taking the expression differences between consecutive time points. The Euclidean distance was used as a similarity measure for the expression responses.
The agglomerative algorithm employed constructs a dendrogram similar to the phylogenetic tree familiar to most biologists (18 -20) . Starting with n clusters each containing a single gene, at each step in the iteration the two closest clusters were merged into a larger cluster. The distance between clusters was defined as the distance between their average expression patterns. After nϪ1 steps all the data points were merged together. The clustering process defines a hierarchical tree. Genes were automatically assigned to a cluster by cutting the tree between the root and each gene branch with a set of 10 lines ("branch levels") separated by fixed distances. The branch level cut-off forms a cluster. We first "normalized" the tree so that each branch was at the same distance from the root. To preserve the distance between the closest genes, we distorted the tree at the branch furthest from the leaf. The number of branches intersecting at each branch level of the tree equals the number of clusters at that level. 
TABLE I Ten most highly up-and down-regulated genes
The right-hand column gives the fold change of mRNA for Ox-LDL-exposed THP-1 cells for the given gene at the time point of maximum up-or down-regulation, and the preceding columns give the ratio for each time point. ϩ, up; Ϫ, down. The similarity tree (dendrogram), has been divided into 10 levels of branching depth. The horizontal lines extend to the branch level in the tree at which the expression patterns of neighboring genes differ, with a longer line corresponding to a larger difference between neighboring expression profiles. Division of the tree at branching level 5 divides the genes into seven clusters of gene expression that include all of the 268 significantly regulated genes that met the criteria described under "Materials and Methods." The right-hand columns use a gray scale to indicate the gene expression at each time point in response to Ox-LDL exposure versus no Ox-LDL. Differential regulation has been normalized to a maximum value of 1.0 for each gene. White represents relative expression in response to Ox-LDL ranging from 0 -25% of maximum for that particular gene; light gray represents from 26 -50%; dark gray represents from 51-75%; and black represents from 76 -100%. For example, clusters 1-4 contain genes that are up-regulated at days 1, 2, or 4 in response to Ox-LDL, whereas clusters 5 and 6 contain genes that are down-regulated at later time points, and cluster 7 comprises genes that are up-regulated at 8 h. tions recommended by the manufacturer. A dissociation curve was generated at the end of the PCR cycle to verify that a single product was amplified. A standard curve for each amplicon was obtained using serial dilutions of total RNA prepared from THP-1 cells.
RESULTS AND DISCUSSION
Experimental Design-Following standard protocols, human THP-1 cells were grown in serum-containing medium and differentiated with PMA for 24 h as described under "Materials and Methods." At the end of the PMA treatment period, designated as time 0, PMA-containing medium was removed, the cells were cultured either in the presence or absence of Ox-LDL, and RNA was prepared for gene expression profiling from time points ranging from 30 min to 4 days. During this period, cells remained adherent, and Nile red staining showed that Ox-LDL-treated cells had accumulated significant lipid by day 4. PMA is known to induce gene expression changes that last beyond 24 h (21). Indeed, our preliminary experiments have established that comparing RNA from Ox-LDL-treated cells to cells from time 0 revealed many changes that were due to PMA effects and masked specific Ox-LDL changes (data not shown). We thus adopted an experimental design that eliminated PMAdriven gene expression changes by comparing time-matched controls of cells that have all been treated with PMA for identical periods rather than comparing each Ox-LDL treated sample to a "universal" 0 time point reference. RNA from pairs of experimental and control cells were labeled with separate fluorescent dyes and hybridized to UniGEM-V slides containing 9808 human cDNA samples plus 192 control spots. Thus, the resulting data represent the differential gene expression for matched time points of cells exposed to Ox-LDL or not. As described under "Materials and Methods," 6805 genes passed quality control criteria that were designed to reduce noise in the data. 268 of these genes (4%) were 2-fold-regulated at least at one time point. The UniGEM slide hybridization methodology has been tested by comparing an RNA sample to itself; only ϳ0.1% of the genes were greater than 2-fold-regulated. The minimum detectable fold change for differential expression was determined as 1.4, and the calculated coefficient of variation for differential expression was 12-14%. 2 Therefore, we assumed that a single measurement at any given time point using a 2-fold regulation cutoff would produce reliable and reproducible data. This assumption was further validated as described below.
Overview of Regulation Events-There are several informative ways to analyze the volume of data generated from these experiments. They range from notation of the most highly regulated genes at any time point to the use of clustering algorithms to evaluate groupings by pattern of transcription, proposed function, or the combination of the two.
In general, the number of Ox-LDL-regulated genes increased with successive time points (Fig. 1) , and more up-regulated than down-regulated genes were observed at any given time point. No genes were differentially regulated at the 30-min measurement, and only one gene (adipophilin) was seen to be regulated at 2.5 h. These data help validate the procedures and the use of a 2-fold cutoff because they provide evidence that the noise level in the experiments is less than 2-fold. Adipophilin, the only gene up-regulated at 2.5 h, is a known marker for Most Highly Regulated Genes-A list of the 10 most highly up-regulated genes (Table I) shows that eight of these genes are most up-regulated at day 4. This group includes three genes that have previously been shown to be responsive to Ox-LDL loading of macrophages in culture and/or to appear in foam cell-rich regions of plaque tissue: adipophilin, heparin-binding epidermal growth factor-like growth factor (HB-EGF), and thrombomodulin (23) (24) (25) . These latter findings help validate the THP-1 cell model and the microarray procedures. Additional verification of the microarray procedure was obtained by selective use of real time, quantitative reverse transcriptase-PCR. Virtually all of the responsive genes thus tested confirmed the microarray results. However, the dynamic range of the PCR technique appeared to be greater, so that the most highly regulated genes by microarray hybridization were more highly up-regulated in the PCR data (i.e. adipophilin, 14.1-versus 29.8-fold; CD73, 6.2-versus 18.5-fold; Down syndrome candidate region 1 (DSCR1), 6.8-versus 12-fold)). The other seven most up-regulated genes appear to be novel observations in the foam cell context. They include five known genes (DSCR1, LARC/MIP-3␣, CD73/5Ј-nucleotidase, epithelial membrane protein 1 (EMP-1), and uridine phosphorylase) and two expressed sequence tags (ESTs). The incidence of novel highly up-regulated genes indicates that previously published data of Ox-LDL loading of macrophages only partially describe the most pronounced changes in this process. Three of these 10 genes (thrombomodulin LARC and DSCR1) can play a role in modulating inflammatory response (25) (26) (27) , whereas two others (CD73 and uridine phosphorylase) are nucleotide-modifying enzymes. CD73 activity is involved in lymphocyte signaling and is regarded as an indicator of the activation state of macrophages, because it is observed to correlate inversely with endocytotic capability (28, 29) .
The list of the 10 most down-regulated genes is comprised of known genes, but to our knowledge, none of them have been described in the context of Ox-LDL loading of macrophages or atherosclerosis. Eight of these 10 genes are most highly downregulated at day 4. Thus, the greatest change for the majority of most up-and down-regulated genes is occurring at this time point, supporting the hypothesis that by day 4 the cells are still in a process of change (extending the analysis to the top 20 most up-and down-regulated genes also supports this trend). Thematically, 4 of these 10 down-regulated genes are promoters of the anti-microbial potential of macrophages (carbonic anhydrase, cytochrome b-245, RNase A2, CD64), whereas 3 
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others (G0S2 protein, thymidilate synthetase, lamin B1) are involved in cell cycle progression or synthesis of building blocks required during cell division. As will be discussed further below, these down-regulated genes are part of a much larger grouping of genes that fall into the same two thematic categories and exhibit expression changes that suggest that foam cells have reduced proliferative and altered inflammatory potential.
Cluster Analysis-For a more global interpretation of the transcriptional changes that occur during Ox-LDL loading of macrophages, the expression data were clustered by an agglomerative hierarchical clustering method (Fig. 2) . The use of a clustering algorithm to order this massive amount of data enables systematic and unbiased sorting of gene expression patterns into similarity groups based on predetermined criteria that do not involve absolute magnitude and are completely blinded to gene function, and thus are more objective than "data gazing." The data were normalized to the maximum expression ratio for each gene. Clusters at different levels of similarity could be generated by parsing the tree at different branch levels. Seven clusters were generated at branch level 5. Together, these clusters describe seven distinct waves of gene expression that are established over the time course of this experiment (Figs. 2 and 3 ).
There are four clusters (clusters 1, 3, 4, and 7) that display peak up-regulation at a specific time point, whereas cluster 2 reflects genes that display a more continuous response to the treatment, with up-regulation increasing from days 1 to 4. Clusters 5 and 6 contain genes whose expression is suppressed by Ox-LDL treatment, with cluster 5 showing a more continuous response. These seven clusters represent a small fraction of all the potential patterns of expression. They all describe a rather simple shape (a single peak or a single plateau) and could potentially reflect an underlying transcriptional control mechanism that limits the universe of possible expression patterns.
The three largest clusters (clusters 1, 2, and 5) include 74% (198) of the 268 regulated genes. Theses clusters describe two waves of up-regulated genes and one wave of down-regulated genes. The down-regulated wave of expression (cluster 5) contains 71 genes, 37% of which (26) are involved in cell cycle progression, nucleotide metabolism, or DNA repair (indicated by G in Fig. 3) . The down-regulation of such a large set of cell division and replication-related genes suggests that Ox-LDLtreated THP-1 cells have reduced cell division capabilities. Three of the genes in this cluster are involved in cholesterol metabolism (indicated by C in Fig. 3) .
Of the two largest up-regulated gene clusters, cluster 2 is comprised of 58 genes that are up-regulated on days 1, 2, and 4. More than one-sixth (10) of these genes are involved in extra-cellular matrix production, modification, and adhesion (M/A in Fig. 3 ). Such gene expression changes might affect the migratory or adhesive properties of macrophages and in this way contribute to the observed persistence of foam cells in the vascular wall of atherosclerotic lesions (13, 30) . The other large group of up-regulated genes (cluster 1) is comprised of 69 genes that reach their maximal up-regulation at day 4; 12 of these genes are involved in adhesion and migration (M/A) as well. In addition, 10 genes in clusters 1 and 2 are transcription regulation factors (T in Fig. 3) , suggesting that transcription programs may still be changing at the latest time point.
Thematic View-The data can also be analyzed by apparent biological function, without first considering time course of regulation. A number of genes involved in cholesterol uptake and metabolism are differentially regulated. These include the scavenger receptors, scavenger receptor A (up-regulated 3.1-fold at day 4) and CD36 (up-regulated 2.7-4.3-fold from days 1-4). Previous studies have implicated the nuclear receptor PPAR␥ in the up-regulation of CD36 expression as well as in the establishment of the foam cell phenotype (31, 32) . PPAR␥ was not represented on the microarray, so we used quantitative RT-PCR to verify that it was up-regulated (5-fold on day 4) in our experimental model, consistent with these earlier observations. Two other nuclear receptors involved in lipid metabolism, LXR␣ and RXR␥, were represented on the microarray and shown to be up-regulated (2.3-4.3-fold from 8 h-4 days and 2.5-3.1-fold from days 1-4, respectively) and may play important roles in foam cell macrophages. RXR, PPAR␥, CD36, and adipophilin are known to play important roles as pre-adipocytes develop into mature, lipid-storing adipocytes (33) (34) (35) (36) . The increase in lipid transport and storage that characterizes foam cells leads us to suspect that other similarities will be found between the gene expression patterns involved in the maturing adipocyte and the foam cell macrophage.
ABC1 is a key regulator of the efflux of cholesterol from macrophages. Although not represented on the microarray used in this experiment, we and others recently found it to be highly regulated by cholesterol loading (37, 38) . We therefore used RT-PCR to test the RNA samples from these experiments and confirmed a roughly 10-fold increase in its message by day 4.
Foam cell stimulation of surrounding cell types in the vascular wall is another likely contributor to plaque development. In this context, it can be noted that the highly up-regulated HB-EGF is a potent chemoattractant and mitogen for smooth muscle cells in culture (24) . Local plasminogen activation is another potential modulator of smooth muscle cell proliferation and migration. In this regard, the urokinase receptor uPA-R has been localized by immunostaining to macrophages and intimal smooth muscle cells in atherosclerotic lesions of cholesterol-fed rabbits and human subjects (39) and was increased 3.8-fold on day 4 in our experiment.
Our data do not support the enhancement of macrophage proliferation by Ox-LDL exposure. However, resistance to apoptotic signals may also contribute to the large population of macrophages in atherosclerotic plaque. In this context, we detected increases in the expression of BCL-2-related protein A1
FIG. 3-continued (3.8-fold at day 4), PIM-1 oncogene (3.6 -3-fold from days 1-4), and p21/Cip1 (2.3-2-fold on days 2-4). All three of these proteins have been implicated in prolonged survival of hematopoetic cells (40 -42) . In addition, the macrophage survival factor M-CSF1 is up-regulated 4.7-fold on day 4. (Some exceptions to this pattern also appear; cf. NIX and Toll-like receptor 2.)
The enhanced residence time in plaques of foam cell macrophages may also be due to increased cell adhesion or the regulation of other factors limiting their motility (43) . Indeed, decreased egress from the artery wall might be one of the most clinically undesirable features of these cells and could become a target for therapeutic intervention. The integrin subunits ␣2, ␣5, ␣X, ␤3, ␤5, and ␤7 are up-regulated in the 2-3-fold range by Ox-LDL treatment. Such changes might contribute to enhanced binding to the extracellular matrix. In addition, fibronectin is up-regulated 3.8-fold on day 4. This protein is known to play multiple roles in modulating cell adhesion. Intriguingly, it was recently reported that fibronectin-mediated cell adhesion is required for the induction of collagenase/gelatinase MMP-9 gene expression by macrophages (44) , offering a glimpse of the complexity of adhesion and matrix remodeling programs affected by alterations in macrophage activity. Furthermore, the LIM domain-containing protein PINCH, a binding protein for integrin-linked kinase, reported to participate in cell spreading on fibronectin, is up-regulated 4.1-fold on day 4 (45) . Because it is also linked to growth factor signaling, PINCH illustrates the point that substrate adhesion can affect the survival as well as the motility of cells such as tissue macrophages.
Foam cell production of chemokines and cytokines can contribute to atherosclerosis by recruiting and activating circulating monocytes and T lymphocytes. The most highly induced mRNA in this category was LARC/MIP3␣, showing an 8.2-fold induction by day 4. Although not recognized to be produced by macrophages, this chemokine was shown to arrest the rolling of memory T lymphocytes, highlighting its possible role in recruitment of such cells to atherosclerotic lesions (26) . Interestingly, CD73 (a.k.a. 5Јnucleotidase) was up-regulated 6.2-fold on day 4. This glycophosphatidylinositol-anchored membrane protein has been implicated in lymphocyte maturation, signaling, and binding to vascular endothelium (27, 28, 46, 47) . The leukocyte survival/differentiation protein leukemia inhibitory factor, localized to macrophages in atherosclerotic plaques, was induced 3.9-fold at day 2 (48) .
The effect of Ox-LDL exposure on the inflammatory potential of macrophages is complex. Previous reports have noted certain changes in gene expression and/or cellular response that suggest both an increase as well as a loss of macrophage inflammatory potential (13, 30, 49 -51) . Our results above indicate an enhanced chemotactic signaling state. Concomitantly, a number of anti-microbial and surveillance functions of macrophages appear to be reduced by Ox-LDL exposure. As examples, genes with known or suspected anti-inflammatory activities that are up-regulated by Ox-LDL exposure include IL1-RA (2-4.8-fold, days 1-4), DSCR1, which inhibits calcineurin activity (27) (2.5-6.8-fold, days 2-4), annexin 1 (2.8 -2.5, days 1-2), PPAR␥ (RT-PCR result; up 4-fold, day 4), and the Burton's tyrosine kinase repressor SH3 protein (4.2-2.4-fold, days [1] [2] [3] [4] . Genes that are down-regulated in response to Ox-LDL treatment and have known or suspected pro-inflammatory effects on cells include leukotriene A4 hydrolase (2.8-fold, day 1), cathepsin G (5-fold, day 4), elastase 2 (3.5-fold, day 4), RNase A family 2 and 3 proteins (5.3-and 3.5-fold, respectively, on day 4), and the already mentioned cytochrome b-245 (6.3-fold, day 4) and CD64 (4.3-fold, day 4). The strong down-regulation of cytochrome b-245 (essential for superoxide generation used in bactericidal killing) and CD64 (the high affinity IgG receptor found on activated macrophages), paired with the up-regulation of the IL1-RA (a potent anti-inflammatory molecule), suggests that, at least in some inflammatory aspects, Ox-LDL may have down-regulating activity. Previous results reporting a reduction in IL-1 and COX 2 expression and NFB signaling following lipopolysacharide stimulation of Ox-LDL-treated cells lend support to this hypothesis (50, 52) . Interestingly, a depression of inflammatory response of macrophages by Ox-LDL loading could be seen to mimic their possible adaptive role in evolution for responding to damaged or apoptotic cell membranes (53) . Ingestion of apoptotic cells by macrophages stimulates the release of anti-inflammatory cytokines and suppression of proinflammatory cytokines in a postulated effort to avoid immune activation against self-proteins (54, 55) .
Hypothesis Generation and Testing-To demonstrate the utility of large scale analysis of gene expression profiles in the THP-1 model of foam cell formation, we formulated two testable hypotheses based on the data we have presented so far and were able to test their validity. As discussed earlier, a prominent down-regulation of genes that are involved in cell cycle progression was clearly observed in response to Ox-LDL loading. To test whether this transcriptional down-regulation correlates with cell-cycle arrest, we measured [ A second hypothesis is derived from the observed induction of three nuclear receptors, LXR␣, RXR␥, and PPAR␥ (2.3-4.3-fold from 8 h-4 days, 2.5-3.1-fold from days 1-4, and 5-fold on day 4, respectively) by Ox-LDL. It was previously reported that some of the effects of Ox-LDL could be attributed to PPAR␥ ligands (57, 31, 32) , and more recently, the cholesterol transporters ABC1 and ABC8 have been shown to be up-regulated by both LXR and RXR ligands (59 -61) . To further investigate the involvement of these nuclear receptors in foam cell development, we treated THP-1 cells with PMA for 24 h followed by treatment with either 0.5 M 9-cis-retinoic acid, 1.5 M 22(R)hydroxycholesterol, or 3 M 15-deoxy-12,14-prostaglandin J2 for 8, 24, and 48 h. These ligands have been shown to be selective binders of RXR, LXR, and PPAR␥, respectively (57, 58, 62) . By using these ligands we hoped to investigate the potential involvement of these nuclear receptors in the gene expression changes brought on by Ox-LDL treatment.
We determined the ligand-induced expression levels of the 10 genes most up-regulated by ox-LDL using real time RT-PCR. We discovered that 4 of these 10 genes were up-regulated by 9-cis-retinoic acid (Table II) 8-fold at 8 h; thrombomodulin, 7-13-fold at 24 -48 h). Thus two genes were induced by two ligands, reflecting stimulation of each member of the heterodimers RXR␥/PPAR␥ (thrombomodulin) and RXR␥/LXR␣ (AF070591). Interestingly, repression of gene expression is also observed by 9-cis-retinoic acid (N35555, 2.6 -5.3-fold at 8 -24 h) and by 15-deoxy-12,14-prostaglandin J2 (LARC-MIP3␣, 3.1-fold at 24 h; N35555, 2.6-fold at 48 h), a result not consistent with the Ox-LDL-induced up-regulation of these genes, thus implicating alternate mechanisms of activation. Different pathways of activation are also indicated for the other four Ox-LDL up-regulated genes not seen to be affected in these single ligand experiments. Taken together, these results appear to substantiate our assumption that the up-regulation of LXR␣, RXR␥, and PPAR␥ by Ox-LDL leads to gene activation through these receptors. Further research is required to determine the full role of these nuclear receptors in mediating foam cell formation. It is hoped that more extensive experiments of this type will identify the key drivers of the foam cell phenotype as well as potential targets for drug development.
Conclusion-By probing roughly 10% of the totality of expressed human genes in a tissue culture model with imperfect representation of the in vivo setting, we have highlighted a promising set of candidate gene responses involved in macrophage foam cell development. A possible generalized interpretation of these results is that as macrophages become foam cells via exposure to Ox-LDL, 1) they undergo a reprogramming that causes them to remodel their environment by signaling for alteration of their surrounding extracellular matrix and for recruitment or proliferation of neighboring cell types, 2) they alter their inflammatory repertoire, and 3) they survive for extended periods while responding to their internal lipid load by changing production of proteins involved in sterol synthesis, storage, and efflux. As evidenced by the extensive cholesterol-enriched, necrotic cores of many atherosclerotic plaques, macrophages often reach a stage where they can no longer cope with the onslaught of modified lipoproteins in their environment.
We view this unbiased data-gathering effort as an excellent tool for generating hypotheses regarding general processes as well as the function of specific genes. Certain gene expression responses apparent in this data will be subject to testing in additional model systems of atherosclerosis that are more difficult to manipulate but could potentially better approximate the human condition. Gene manipulation by over-expression or repression would further enhance our understanding of specific gene function in the context of foam cell formation, as would attempts to quantitate gene expression in human tissues. An ultimate aim of such studies will be a fuller understanding of the role of macrophages in the pathology of atherosclerosis and the discovery of means to reduce the morbidity with which such macrophages are associated.
TABLE II Transcriptional effects of nuclear receptor ligands on the 10 genes most up-regulated by Ox-LDL
The ratio of mRNA level for a given gene from ligand-exposed THP-1 cells to control cells is noted. Hyphen (-) denotes no significant change. Ligands, their concentrations, and time points sampled are indicated. 9-cRA, 9-cis-retinoic acid; 22-OH-C, 22(R)hydroxycholesterol; 15dPGJ2, 15-deoxy-12,14-prostaglandin J2. 
